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The researchpresented in this artideassessedgeochemical factorsrelating todustpr d dur-
ing primary lead smelting. Bulk dust samples and size-selective airborne dust samples were col-
lectedfromfour ar ofapimaryleadsmelter andanalyz byX-raydiactionand sequential
.chemical exrtion. X-ray di on showedthat thesmelterdusts werecomposed primarilyof
sulfides, oxides, sulfates, and silicates ofmeta ores, with galenabeing the primarydust compo-
nent. Sequenti extraction revealed the solubility oflead compounds at less than 7% in the
exchangeable and mildly acidic steps for the bull dusts collected from four smelter areas. The
later steps ofthe extraction procedure were more effective in dissolving the lead compounds
asociatedwith thebulkdustsamples, witi43%, 26%, and 8%ofthetotallead, in the ore stor-
age, sinter, and blast/dross smelter areas, respectively, being extracted in the residual step.
Sequential extraction ofcoarse airborne dust samples from the ore storage and sinter plant
showed that 1.2% and 4.1% ofthe total lead, respecivey, was e ble. The finerpartide
size fractions from these areasofthesmeltershowedhigherpercentags ofexchanable lead. Of
the course airborne dust from the blast/dross furnace processes, 65% ofthe total lead was
exchangeable. However, the largest percentage oflead from these areas was associatedwith the
finer particle-size fractions. Iflead bioavailability is related to its solubility as determined
thoughsequential e on, thehealth hazards associatedwithleadexposure maybe apprecia-
bly enhanced in the blat anddross fuace processes. Keywork: bioavailability, leaddust, lead
speciation, sequential extraction. Environ Health Penpect 106:565-571 (1998). [Online 11
August 1998]
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The research presented here was performed
in a primary lead industry as part ofa larger
study designed to evaluate worker exposure
to lead in terms ofnew health-related crite-
ria. The aim of the overall study was to
compare current worker exposure levels in
terms of the relevant aerosol fractions of
inhalable, thoracic, and respirable lead (1).
To completely assess the risk associated
with lead aerosol exposure, the physical and
chemical properties as well as the size distrib-
ution of the aerosol must be known.
Absorption of lead from the respiratory
and/or gastrointestinal tract is influenced by
partide size, the pattern of regional partide
deposition, and partide solubiity. Partides
larger than 3 pm in diameter deposit primar-
ily in the nasopharyngeal and tracheo-
bronchial regions ofthe respiratory tract and
can be transferred by mucociliary transport
to theesophagus andswallowed (). Particles
smaller than 3 pm have a greater probability
of depositing in the alveolar regions of the
respiratory tract. Bioavailability has been
defined as the fraction of a compound in a
matrix that is released from that matrix and
absorbed into the body's blood plasma (3).
An important parameter relating to bioavail-
ability is solubility, which is related to the
ability ofa compound to reach that location
in the body where it can exhibit its inherent
toxicity. Many factors determine the degree
to which lead, when inhaled or ingested,
can become soluble and enter the blood-
stream. These factors include the site of
contact, pH of the body fluid contacted,
residency time, nutritional status, and
numerous geochemical factors.
The major geochemical factors control-
ling the availability of lead from dust
and/or soils indude the species oflead, the
size ofthe lead-containing partides, and the
matrix incorporating the lead species (4).
All species oflead compounds deposited in
the deep lung region (alveoli) are thought
to be completely absorbed into the blood-
steam (5-7). However, larger lead particles,
which may have indefinite residency times
in the upper regions ofthe respiratory tract
or may be transferred from the respiratory
tract to the stomach, will be absorbed at
different rates based largely on speciation.
Lead in the form ofasulfide is less bioavail-
able than lead carbonate orlead oxide (8).
The species of lead incorporated into
soil vary depending on the source of lead.
Soil mineralogy associated with lead
smelter sites is complex, with lead existing
as sulfides and multimetal oxides. Foster
and Lott (S, in a study of lead speciation
at a lead smelter, reported that galena was
the major constituent ofairborne lead par-
ticles from ore handling operations, and
lead oxide species were the constituents of
airborne particles associated with actual
smelting operations such as the blast fur-
nace and dross plant.
Chemical sequential extraction tech-
niques have been developed to assess the
solid-phase solubility or chemically
extractable percentages of heavy metals
occurring in contaminated soils, industrial
and municipal sludges, and dusts. These
techniques use chemical reagents ofvarious
strengths and pHs to leach metals from
contaminated materials. The solutions are
designed to interact with a solid contami-
nated material and liberate heavy metals on
the basis of the solubility of the metal
species within that solvent. Harrison et al.
(10) suggested that mobility and bioavail-
ability of metals decrease approximately in
the order ofthe extraction sequence. Jenne
and Luoma (11) showed that the bioavail-
ability ofheavy metals was inversely related
to the strength of the metal-particulate
binding in sediments. Other studies have
demonstrated that compounds that are
readily dissolved in weak acid are highly
bioavailable (12,13).
The limitations of chemical sequential
extraction techniques involve uncertainties as
to theselectivityofthevarious extractants and
readsorption ofdissolved ions back onto the
solid material. Chemical speciation and
amount ofmaterial leached may result in a
redistribution ofmetals within the leach frac-
tions which is not representative ofthe sam-
ple. Despite these limitations, sequential
extraction can provide qualitative information
that may aid in the prediction ofthe bioavail-
ability, mobilization, and transport ofheavy
metals (14). The research described in this
paper was designed to assess the geochemical
factors relating to lead in a primary produc-
tion industry through the use ofthe Tessier
sequential extraction method (15) with modi-
ficationsdevelopedbyHarrisonet. al. (10).
Methods
The workplace studied. The primary lead
industry where this study was carried out
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processes concentrated lead, zinc, copper,
and silver sulfide ores. Ores from mines
around the world arrive at the smelter by
truck or rail. Upon arrival, samples from
each ore source are analyzed in the mill
building to determine their elemental com-
position and moisture content. After sam-
pling, ores are transported to a large ore
storage building, where they are removed
by overhead crane into either storage piles
or large concrete feeder bins. Here materi-
als are aggregated according to their chemi-
cal composition. These stored materials are
subsequently routed by conveyor to the
sinter plantwhere the ore is combinedwith
fuel, ignited, and burned to produce fused
"sinter" material (during which process the
sulfur content is reduced). During sinter-
ing, the sulfides are oxidized to sulfates at
approximately 700°C to produce a porous
solid material composed primarily of
bound lead oxides, lead sulfates, and lead
silicate aggregates. The resultant sinter is
then crushed and graded. The crushed sin-
ter is mixed with coke and iron and trans-
ported to the top ofthe blast furnace into
which oxygen-rich air is blown. In the blast
furnace, the sinter is extensively reduced at
l,000-12,000°C to produce molten lead,
tin-arsenic-silver sulfides (speiss), copper-
iron sulfide (matte), and iron silicate (slag).
The molten material descends to the bot-
tom of the blast furnace and collects in a
settling basin, where the molten lead-rich
fraction settles to the bottom and the
lighter "slag" comes to the surface. Theslag
contains the iron which has been added, as
well as zinc and lime. The lead fraction and
slag are separated by draining the molten
material out ofthe basin byports located at
different heights on the basin. Before cool-
ing, small railcars are used to transport the
slag for disposal and the lead-rich fraction
to the drossing plant. In the drossing plant,
elemental lead is separated from impurities
not eliminated in the blast furnace. The
molten material from the blast furnace is
poured into a large kettle, heated, and
allowed to cool slowly. As the kettle cools,
the impure "dross" fraction, rich in copper
and arsenic, rises to the surface. This dross
is skimmed offthe top ofthe cooling kettle
and transported to a large reverberatory
furnace. The remaining pure lead is poured
into molds and shipped to a refinery for
further processing. The dross material in
the reverberatory furnace is again heated
and allowed to cool slowly. During cool-
ing, three distinct layers are formed. The
top "matte" layer is rich in iron and cop-
per; the middle "speiss" layer is rich in
arsenic. These two layers are tapped from
the reverberatory furnace and shipped tO a
different smelter for copper extraction. The
bottom layer contains pure lead and is
returned to the drossing ketdes for further
extraction.
Samplingtechnique andlocations with-
in the smelter. Samples for lead speciation
analysis were collected as both bulk dust
and air samples. We collected bulk samples
from four areas of the smelter: off-loading
and ore storage, sinter plant, blast furnace,
and dross furnace. The bulk dust samples
were taken from dust-laden surfaces such as
walkways or work surfaces using spatulas.
The spatulas were cleaned using alcohol
wipes after each collected sample to avoid
cross-contamination. The collected material
was placed in labeled petri dishes, sealed,
and transported to thelaboratory.
We collected air samples using a 28.3
l/min Andersen multistage cascade impactor
placed in each of the four areas of the
smelter described above. The Andersen was
chosen for air sampling for two reasons: 1)
large sample masses can be collected on the
sampling stages because ofthe large sampler
air volume rates, and relatively large sample
masses are required for speciation analysis,
and 2) a knowledge of the aerodynamic
dimension ofpartides in the work environ-
ment is vital to understanding their poten-
tial health effects. The Andersen cascade
impactor allows for the simultaneous deter-
mination ofconcentration and partide siz-
ing information in one sample. The sampler
is designed to reproduce to a reasonable
degree the dust-collecting characteristics of
the human respiratory system (16). The
Andersen sampleris astaticsamplinginstru-
ment that consists ofeight aluminum stages
held together by three spring clamps and
gasketed with 0-ring seals. The eight stages
ofthe impactor are preceded bya presepara-
tor, designed to prevent particle bouncing
and reentrainment errors, by limiting the
access oflargerpartides to the sizingportion
ofthe instrument. Cascade impactors oper-
ate on the principle ofinertial impaction. A
Table 1. Particle size ranges for each stage ofthe Andersen sampler and their relationship to deposition
inthe human respiratorytract
Andersen Particle aerodynamic
stage no. diameter(pm) Respiratorytractregion8
Preseparator .10 Nasopharyngeal
Stage 0 9.0-10.0 Nasopharyngeal
Stage 1 5.8-9.0 Nasopharyngeal andtracheobronchial
Stage 2 4.7-5.8 Nasopharyngeal andtracheobronchial
Stage 3 3.3-4.7 Nasopharyngeal andtracheobronchial
Stage 4 2.1-3.3 Tracheobronchial and alveolar
Stage 5 1.1-2.1 Alveolar
Stage 6 0.65-1.1 Alveolar
Stage 7 0.43-0.65 Alveolar
&Respiratory tract particle deposition has been estmated from mathematcal models and human inhalation experiments. There is no sharp
distinction in particle deposition by particle size in the different regions of the respiratory tract Deposition of submicron particles (<1 pm)
can occur inthe nasopharyngeal region (24-27).
Table 2. Classification, association, and extraction technique used during the Tessier sequential extrac-
tion method
Classification Form orassociation Extractontechnique
Soluble Metal precipitate; porewater Releaseto purewaterorriverwater
Exchangeable Specificallyadsorbed; ion exchangeable Exchangewith excesscatons
Carbonate phases Precipitate orco-precipitate Release bymild acid
Fe-Mn oxide phases Specificallyadsorbed; co-precipitate Reduction
Organic phases Complexed; adsorbed Oxidation
Residual phases In minerallattices Digestionwith strong acid
Table 3. Extraction fraction and chemical extraction procedure used by the Tessier et al. (15) sequential
extraction method and modified by Harrison et al.(10)
Fraction Procedure
Exchangeable 1.0 M MgCI2, pH 7.0, 1 hr, 20°C, continuous agitation
Carbonate 1.0 M NaOAc, pH 5.0, 5 hr, 20°C, continuous agitation
Fe-Mn oxides 0.04 M NH2OH.HCI in 25% acetic acid, 6 hr, 960C, occasional agitation
Organic 0.02 M HNO +30% H202(3:5mixture), pH 2.0,2 hr,85°C, occasional agitation,
further30 H202(3:8mixture), pH 2.0,850C, occasional agitation,then 3.2 M
HH40Ac in20% HNO3(5:11 mixture), 0.5 hr, 20°C, continuous agitation
Residual (2x70% HNO3, 10ml)to dryness,40% HF/concentrated aqua regia,(2:10mixture)to
neardryness, 1 ml concentrated aqua regia to dryness, residuetaken up in 5ml
concentrated HCI and diluted to 50ml or250 ml with double deionized water
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was available for speciation analysis. The
samples from stage 0 were combined with
stage 1 samples; samples from stages 2, 3,
and 4 were combined; and samples from
stages 5, 6, and 7 were combined for each
ofthe Andersen samples collected from the
different smelter areas. Because ofthe small
amount of material collected in the blast
furnace area using the Andersen sampler,
the blast and dross furnace air samples were
combined into one sample group for ana-
lytical purposes. The bulk dust samples
from these two areas were also combined
into one sample group to maintain consis-
tencywith the airsample analysis.
Sampleanalysis. The bulk dust samples
and the airborne dust collected on the first
two stages of the Andersen sampler were
analyzed by X-ray diffraction to determine
the spectrum of metal compounds present
in the dusts from the four smelter process-
es. Dust collected on the final six stages of
the Andersen sampler was not analyzed by
X-ray diffraction due to the small sample
mass accumulated on these stages.
Next, both the bulk dust samples and
the airborne dust samples from all the stages
ofthe Andersen samples were analyzed by a
Table 4. Mineralogical composition of the bulk dusts and coarse airborne dust fractions from different
areas ofthe smelterbased onX-ray diffraction analysis
Mineral Chemicalformula Constituent
Ore storage area bulkdustsample
Galena, syn
Anglesite, syn
Bindheimite
Lead bismuthtitanium oxide
Lead fluoride phosphate
Lead phosphate
Lead silicate
Lead tellurium oxide
Lead tinfluoride
Phoenicochroite, syn
Strontium leadtin oxide
Zinc lead oxide
Sinter area bulk dustsample
Galena, syn
Izoklakeite
Otjisumeite
Plumbogummite
Unnamed mineral
Coronadite
Heyrovskyite, syn
Kombatite
Ourayite
Phoenicochroite, syn
Vikingite
Blastand drossfurnace dustsamples
Galena, syn
Leadfluoride silicate sulfate
Lead oxide carbonate
Lead phosphate hydroxide
Cadmium lead oxide
Lead fluoride arsenate
Phoenicochroite, syn
Vanadinite
PbS
PbSO4
Pb2Sb207
PbBi4Ti4015
Pb5(P04)3F
Pb0(P04)6
Pb4SiO6
Pb3TeO5
PbSnF4
Pb2(CrO4)0
Sr2Pb0375SnO2504
ZnxPbl x°
Major 1
Minor 2
Minor 2
Minor 2
Minor 2
Minor2
Minor2
Minor2
Minor2
Minor2
Minor2
Minor2
PbS
CU2Pb27(Sb1Bi)19S57
PbGe 0
PbA,3(PO4)(P3OH)(°H)6
(Cu,Ag)Pb6Bi7Si17
PbMn8O16
PblABi5S18
Pb14(V04)209C14
Ag2 1Bi3S 104
A^P2.5Bi3ST.5
Major 1
Major 1
Major 1
Major 1
Major 1
Minor 2
Minor 2
Minor2
Minor2
Minor2
Trace 3
PbS
Pbl(i4)3(S04)3F2
Pb CO
Pb (PO )6H
Cd bO3
Pb5(AsO )3F
P2(CrO40
Pb0(0413CI
Major 1
Major 1
Major 1
Major 1
Minor 2
Minor2
Minor2
Minor 2
syn,synthesized.
series of sequential chemical extractions.
The sequential chemical extractions, as well
as the X-ray diffraction analysis described
above, were performed at the Montana
Tech ofThe University ofMontana physi-
cal chemistry laboratory. One of the most
thoroughly researched extraction techniques
for studying chemical associations ofmetals
in soils is the method ofTessier et al. (15).
This procedure identifies specific classifica-
tions of heavy metal contamination as
shown in Table 2. Unlike other procedures,
this method separately defines a carbonate
fraction. The extraction scheme used in our
study is a modified version of the Tessier
method after Harrison et al. (10) and is
detailed in Table 3. The residual procedure
was modified from the procedure of
Harrison due to the potential explosiveness
of HCl04 in the presence of most organic
materials. Extractions were performed in
50-ml polypropylene centrifuge tubes,
using a mechanical shaker to mix the solu-
tions. After each extraction, the mixture was
centrifuged and the supernatant decanted
into polythene bottles, acidified to pH less
than 2, and stored in a refrigerator for
analysis. All acid digestions were carried out
in Teflon beakers and all plasticware was
predeaned bysoaking in 10% HNO3. Lead
analyses were performed by atomic absorp-
tion spectrophotometry.
The limitations ofsequential extraction
were mentioned earlier. The sample:reagent
ratio is important in determining whether
complete leaching is achieved. These ratio
values range widely (1:8 to greater than
1:100) in the reported literature because of
sequential extraction modifications by
numerous investigators in their application
to differing test materials (17-20). A ratio
of1:70 was used in our study.
According to Tessier et al. (15), the
sequential extraction method will dissolve
heavy metals according to their chemical
associations on the basis of the following
classifications: 1) exchangeable or soluble
metals that occur asweaklyadsorbed ions on
organic or mineral partide surfaces or form-
ing soluble minerals (i.e., chlorides, hydrox-
ides, borates, nitrates, and some oxides and
sulfates), which are easilydissolved within an
aqueous solution or exchanged by excess
cations in solution; 2) metals associated with
carbonate minerals that may form as particle
coating, residues, or cements, which are lib-
erated in the presence ofa mildlyacidic solu-
tion (note that some oxides or sulfates may
also be liberated by these solutions); 3) met-
als associated with Fe-Mn oxide coatings in
which the metal ions bond with amorphous
Fe-Mn oxide materials, which may be liber-
ated in the presence of a reducing solution;
4) metals associated with organic material
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given stage consists ofradial or circular slot
openings and its accompanying impaction
surface. The slot diameters become smaller
at each successive stage proceeding through
the impactor, resulting in successive increas-
es in air velocity at each stage. Particle
impaction is determined by its aerodynamic
diameter (dae), with particles of larger daae
beingimpacted on the upper stages and par-
tides ofsmaller da,e being impacted on the
lower stages. For the Andersen sampler
operated at 28.3 l/min, partide fractionation
ranges from 10.0 to 0.4 pm. The particle
size ranges for each stage of the Andersen
sampler and their relationship to the human
respiratorytractareshown in Table 1.
In this research, cellulose acetate filters of
82-mm diameter were placed on inverted
stainless-steel impaction plates located on each
stage. We used cellulose acetate filters because
of their low trace metal background levels.
Particles that reach the internal stages were
assumedtostayontheimpactionsurfaceorfil-
ter. Air was drawn through the impactor by a
12-V AC Andersen pump operated at a cali-
bratedflowrateof28.3 l/min.
Air samples from the Andersen were
combined to ensure that enough sample
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and organo-metallic substances, which are
liberated under highly oxidizing conditions
(note that this step will liberate metals from
humic or filvic acids, bitumens, and some
sulfide minerals); and 5) metals associated
with the residual material following the pre-
vious four extraction steps (note that the
metals may be held within insoluble phases
such as silicate minerals, some oxides, sul-
fides, carbides, phosphides, days, native met-
als, orencapsulated within amorphous solids
ofsilicaoralumino-silicatecomposition).
The last phase ofthe analytical chem-
istrywas an analysis ofthe solubiity ofspe-
cificlead compounds through thesequential
extraction method described above. Several
mixtures oflead compounds and silica were
prepared and subjected to the sequential
extraction method. All ofthe mixtures were
designed to match the lead content of the
bulk dusts collected from the ore storage
areaofthe smelter, which contained approx-
imately 16% lead byweight. We used silica
as amatrixforthedustcompounds and imi-
tated the variably high percentage ofsilicate
mineralswithinthesmelterdusts.
Results and Discussion
X-Ray diffraction. The X-ray diffraction
analysis revealed smelter dusts composed of
sulfides, oxides, sulfates, and silicates ofore
metals and waste materials. A summary of
the smelter dust mineralogy is shown in
Table 4. Dust mineralogy is initially domi-
nated bygalena (PbS), which is the primary
ore mineral processed at the smelter, and
gradually evolves with the introduction of
sulfates and complex oxides in association
with other metals and metalloids as the
material is sintered and roasted. Sintering
60 9 u . .
and metal separation in the blast furnace is
achieved at increasing temperatures and
may result in the volatile off-gassing of
many lead oxides, lead halides, and lead
phosphate compounds, which, upon cool-
ing, may contribute to the mineralogical
composition ofthedusts. In addition, X-ray
diffraction patterns ofthe blast furnace and
dross furnace bulk dusts showed peak
broadening and sinuous background energy
fluctuation, indicating that the dusts
become increasingly amorphous and are
probably derived from hot or rapidly cool-
ingmaterial astheyentertheatmosphere.
Sequential chemical extraction ofbulk
dusts. The amounts oflead extracted by the
individual extraction steps were compared
for all ofthe bulk dust samples (ore storage,
sinter, and blast/dross) as apercentage ofthe
total lead extracted in each ofthe areas. The
bulk dusts from the blast furnace and dross
area were combined into one sample group.
Figure 1 shows that the bulk dust samples
from three different locations within the
plant reacted similarly to the Tessier extrac-
tion chemicals with little regard to plant
location ordust mineralogy. This maybe an
indication of the pervasiveness of coarse-
grained PbS and its contribution to thesedi-
menteddusts throughout theplant. Thesol-
ubility oflead compounds was very low in
the exchangeable and mildly acidic steps
(<7% in all ofthe smelter areas), with the
reducible, oxidation, and residual steps ofthe
extractionprocedure beingmuch more effec-
tive at dissolving the lead compounds. It is
interesting to note that the reducible fraction
was highest in the dusts produced in associa-
tionwith thedross andblast furnaces (54%).
This may be due to the presence ofcomplex
metalloid oxide compounds with lead.
Furthermore, the abundance of PbS in the
dusts, although pervasive throughout the
plant, was greater in the ore concentrate and
sinterdusts. The concentration ofPbS grad-
ually decreases as the ore is sintered and
roasted. It is also apparent from Figure 1
that the residual fraction decreases in rela-
tion to the area of the smelter where the
bulk dust was collected, with 43%, 26%,
and 8% ofthe total lead in the ore storage,
sinter, and blast/dross, respectively, being
extracted in this step ofthe procedure. The
bulkdusts collectedfrom the blast anddross
furnace areas were more soluble than the
bulk dusts collected from the ore storage
andsinterareas.
Sequentialextraction ofairbornedusts.
The sequential extraction profiles for the
airborne dust collected with the Andersen
sampler from the different smelter process-
es are shown in Figures 2-5. The extrac-
tion profile for the ore-storage airborne
dust samples, shown in Figure 2, indicates
the sequential extraction of lead from the
airborne dust was more effective for the
finer particle sizes during the exchangeable
and mildly acidic steps. Of the total lead
on the Andersen stages 2-4 and 5-7, 32%
and 39%, respectively, were exchangeable,
compared to slightly more than 1%
exchangeable lead for the coarser particles
from stages 0-1. For the mildly acidic step,
6% and 19% of the total lead on the
Andersen stages 2-4 and 5-7, respectively,
were extracted, compared to less than 1%
for stages 0-1. This may be a reflection of
the coarser grain sizes of PbS particles
whichwerederived from the ore.
A comparison between the bulk dust
extraction profile shown in Figure 1 and the
individual size fractions ofdust from the ore
M Ore storage stage0-1
-M Ore storage stage2-4
M Ore storagestage5-7
Exchangeable Mildlyacidic Reducible
Extraction step
Oxidizable Residual Exchangeable Mildly acidic Reducible
Extraction step
Oxidizable Residual
Figure 1. Percenttotal lead sequentally extracted from bulkdustby smelter process Figure 2. Percent total lead sequentially extracted by Andersen sampler stage
usingtheTessiersequental extracton method (based on0.50 g loose dust). from the ore-storage airborne dust samples.
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storage Andersen samples, shown in Figure
2, indicates that the size fraction ofthe dust
was an important factor in determining its
solubility within the leach. The coarse frac-
tion of the Andersen sampler (stages 0-1)
most closely resembles the extraction profile
ofthe ore storage bulk dust shown in Figure
1. This indicates that the extraction profile
of the bulk dust was dominated by the
coarser material within the dust and that the
bulk of the lead resides within the coarse
particle-size fraction of the dust from this
area ofthe smelter.
The extraction profile for the sinter air-
borne dust samples is shown in Figure 3.
As with the ore storage air samples, the
finer particles were consistently more solu-
ble, and the extraction profile for the coars-
er particle fractions from the Andersen air
samples most closely resembles the extrac-
tion profile of the sinter bulk dust shown
in Figure 1.
Figure 4 shows the extraction profile
for the combined airborne dust samples
from the blast and dross furnaces. The
highest percentages of total lead were
extracted during the first three steps ofthe
extraction procedure. The total lead from
the Andersen stages 0-1, 2-4, and 5-7,
67%, 44%, and 36%, respectively, were
exchangeable. Figure 4 also suggests that
the contribution of transient dust emanat-
ing from other areas of the smelter may
misrepresent the dust actually produced in
the blast and dross areas in that the air-
borne dust collected was much more solu-
ble in the larger particle-size fractions than
that indicated by the bulk dust extraction
profile from this same area (see Figure 1).
This may be explained by an examination
45 |X,
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ofthevolume and extraction percentages of
lead in the airborne dust from the blast and
dross furnace areas, shown in Figure 5.
Although the coarse dusts sampled in the
blast and dross furnace areas were very sol-
uble, Figure 5 shows that the largest per-
centage of blast and dross lead collected
with the Andersen sampler was associated
with the very fine particle-size fractions
from stages 5-7. From these stages, 24%,
15%, and 22% of the total lead were
extracted during the exchangeable, mildly
acidic, and reducible steps, respectively.
This compares to 9%, 0.66%, and 1.4% of
the total lead extracted from stages 0-1
during these same extraction steps. An
analysis of the volume and extraction per-
centage of lead in the airborne dust from
the ore storage area (not shown) revealed
approximately 99% of the total lead col-
lected with the Andersen sampler to be
associated with the coarse particle fraction
from stages 0-1. In addition, essentially all
of the lead from the ore storage area was
extracted during the reducible, oxidizable,
and residual extraction steps.
Comparison with PbO-silica, PbSO4
silica, PbS-silica, and PbX-silica mixtures.
The distribution of a given metal between
various fractions can only be considered as
operationally defined by the method of
extraction. To determine the solid phase
solubility of lead compounds through the
extraction scheme used in our study, a
series of lead oxide (PbO), lead sulfate
(PbSO4), and lead sulfide (PbS) mixtures
with reagent-grade silica was prepared. The
mixtures of reagent-grade PbO, PbSO4,
and PbS powder with reagent-grade silica
powder were mixed to approximately 16%
70 .:.E.E.-... ....-. SR- k ~~~~~~~70
Sinter stage 2-4
E * Sinterstage57 560
50
, 30
total lead. The three PbX-silica mixtures
were then blended into a fourth mixture
containing 16% total lead, and all four
mixtures were dissolved by the Tessier
method.
Figure 6 depicts the extraction of lead
for the individual steps of the extraction
procedure on these mixtures. During the
exchangeable step, 70 mg ofthe lead oxide
was extracted, with 28 mg and 5 mg being
extracted in the mildly acidic and reducible
steps, respectively. The lead sulfate was
only slightly less extractable during the
exchangeable step (65 mg), with 53 mg
and 18 mg being extracted in the mildly
acidic and reducible steps, respectively. The
lead sulfide was primarily extracted during
the oxidation (58 mg) and residual (19 mg)
steps. The mixture oflead compounds and
silica appears to be a compromise of the
other three compounds, with the lead
oxide and lead sulfate extracted during the
first three steps and the lead sulfide extract-
ed during the oxidation and residual step.
Concluding Remarks
In most workplaces, aerosol exposures
involve the inhalation of many different
types ofparticles that are distinguished not
only by their size but also by their chemi-
cal, physical, and biological characteristics.
The combined distributions ofparticle size
and species together determine the ability
of the particles to reach given parts of the
respiratory tract and their rate and intensity
ofaction once they have arrived at the ini-
tial site of deposition. Currently, there is
considerable interest in the various com-
pounds that feature in aerosol exposure dur-
ing the production and use ofmetals and in
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Figure 3. Percenttotal lead sequentially extracted by Andersen sampler stage
from the sinter airborne dustsamples.
Exchangeable Mildly acidic Reducible Oxidizable Residual
Extraction step
Figure 4. Percenttotal lead sequentially extracted by Andersen sampler stage
from the combined blast and dross airborne dustsamples.
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Figure 5. Percentage of the blast and dross lead sequentially extracted by
Andersen samplerstagefromthe combined blastand dross airborne dustsamples.
the setting ofsafe limits for their control.
Whereas it is currently common practice to
determine exposure in terms ofthe airborne
concentration of the metal atoms that are
present (e.g., by atomic absorption spec-
trophotometry), it is known that certain
molecular forms are more harmful than
others. In the production of nickel, for
example, epidemiology has suggested that
although water-soluble sulfidic and oxidic
forms might be associated with lung and
possibly nasal cancer, there is no such evi-
dence for the metallic form (21). In such
cases, the question of which chemical
species is the most relevant to adverse health
effects is therefore an important issue.
Our results ofsmelter lead dust specia-
tion analysis for both the bulk dust samples
and airborne dust samples confirmed that
the lead dust mineralogy varies widely
throughout the smelter, consisting of rem-
nant sulfides and multimetal oxide phases.
These findings are consistent with other
studies that have reported galena as the
major constituent in samples associated
with ore handling, whereas lead oxide
species (PBOX, PbO.PbSO4) were the dom-
inant species associated with smelter opera-
tions (9). Changes to the ore during the
smelting process result in changes to the
mineralogy ofthe airborne dust, which are
reflected in the Tessier sequential extraction
method. Oxides and sulfates oflead arepre-
dominantly dissolved during the exchange-
able and mildly acidic steps of the sequen-
tial extraction procedure, with lead sulfides
and silicate minerals predominantly dis-
solved in theoxidizable and residual steps.
Dusts produced in the ore storage and
sinter areas of the smelter are coarser and
react later in the extraction steps than do
the dusts produced in the blast and dross
furnace areas. The dusts produced near
these furnaces contain a higher percentage
ofsoluble lead oxide, lead sulfate, and solu-
ble lead. The finer particle sizes appear to
be more soluble regardless ofthe bulk min-
eralogy of the dust. This finding is also in
agreement with other studies (22).
Assuming that the mobility and bioavail-
ability oflead are related to its solubility as
determined through sequential extraction,
the health hazards from lead exposure may
be appreciably enhanced in the blast and
dross furnace processes. These areas have
higher percentages of exchangeable lead
and higher lead concentrations contained
in the finer particle-size fractions.
This research has implications pertain-
ing to lead exposure to residential districts
near the smelter. Entrainment ofsoil parti-
cles is an important route oflead transport
contributing to the atmospheric burden
around lead smelting facilities. Large parti-
des (dae >2 pim) emitted from the smelter
settle out of the atmosphere fairly rapidly
and are deposited relatively close to the
smelter. These larger settled particles can
become more bioavailable as they are
ground into smaller particles within the
home environment. The smaller and more
bioavailable particles emitted from the
smelter may be transported many kilome-
ters from the smelter (23). Lead particles
emitted from thesmelterwould be primarily
in the form of lead sulfur compounds,
PbSO4, PbO.PbSO4, andPbS.
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Figure 6. Milligrams of lead extracted from lead oxide-silica (PbO-SiO2), lead
sulfate-silica (PbSO4-SiO ), lead sulfide-silica (PbS-SiO2) mixtures, and a com-
posite mixture (PbX-'SiO2 bythe Tessier method.
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